The high-potential icon-sulfur protein (HiPIP) from Chromatium vinosum contains a cubane prosthetic group that shuttles between the [4Fe-4SP +.2 + states. We find that the EPR spectra from this protein can be explained as a sum of two components, a m~or one with g = 2.02; 2.04; 2.12, and a minor one with g = 2.04; 2.07; --2.13. In the presence of 0.1-2.0 M NaCI, freezing induces polymerization of the protein (presumably dimers), which is detected as intercluster spin-spin interaction in the EPR. The observed spin-spin interadions are interpreted as being due to two very similar dimeric structures in an approx. 1:2 ratio. Computer simulation of the X-and Q-band EPR spectra shows that the z-components of the g-tensooors in each dimer pair must be co-linear, with center-to-center distances between the clusters of ~ 13 A and ~ 16 A. Inspection of possible dimeric structures of C. vinosum HiPIP by standard molecular graphics procedures revealed that the Fe/S cluster is exposed toward a flattened surface and is accessible to solvent. Moreover, the Fe/S clusters in two HiPIP molecules can easily achieve a center-to-center distance of ~ 14 A when approaching along a common 3-fold axis that ex/cnds through the $4 sulfur atom of the cubane; the z-component of the EPR g-tensor is co-linear with this symmetry axis.
Introduction
T~e [4Fe-4S] prosthetic group is a common arrangement of iron and acid-labile sulfur ions in biological systems and its cubane structure has been characterized by a wide variety of chemical and spectroscopic techniques [1] [2] [3] . The purple phototrophic bacteria are an important source of [4Fe-4S] cluster-containing proteins, particularly tiae so-called high potential iron proteins (HiPIPs), which have reduction potentials for the [4Fe-4S] 3÷'z÷ redox couple in the range 50 to 450 mV [4] . Fukumori and Yamanaka [5] physiological role for these proteins in the oxidation of thiosulfate. Whatever their function, these proteins have played an important role in the development of the field of Fe/S biochemistry. The HiPIP from Chromatium vinosum, which is a small, readily available prote:n containing a single [4Fe-4S] cluster, has received the most attention. After its initial recognition and purification by Bartsch [6] , its amino acid sequence was determined [7] . and its three-dimensional structure was deduced by X-ray crystallography [8.9] . This revealed the cubane arrangement of the 4Fe and 4S atoms and showed that the cluster was coordinated to 4 ~,steine thiolate groups. The amino acid sequences of additional HiPIPs have been determined [t0], but there is only one three-dimensional structure in the literature.
Considerable work has been done on the spectral and magnetic properties of the C. vinosum HiPIP. The reduced form of the protein, [4Fe-4S]:'. has an S = 0 ground state [11] , but ~H-NMR studies have revealed S,~ > 0 at ambient temperatures indicating the pre.,;-ence of populated states having S > 0 [121 The ~_xi-dized protein, [4Fe-4S] 3., has an S = 1/2 ground state, as deduced from magnetic susceptibility studies []2]: however, EPR studies of the oxidized protein revealed an unexpected heterogeneity [13] . In 1975 Antanaitis and Moss [14] showed that the additional features in the EPR signal were independent of microwave frequency and thus arise from "real g-values." These authors suggested that the EPR spectrum of oxidized C. vinosum HiPIP is a "superposition of three distinct signals, namely, two principal signals of eo,al weight, one reflecting axial and the other rhor,,oic symn,ctrv, and a third nearly isotropic minority -omponent". It was further argued that the two majo; EPR components arise from distinct pairs of Fe atoms, which the effective spin "samples at a rate ---10 7 -i0 8 Hz". This spin distribution scheme was consistent with then extant NMR [12] and Mossbauer data [15,I6] , and there the proposal has largely rested in the intervening years. Here we take up and expand on the theme of active site heterogeneity using EPR and Mossbauer spectroscopy to examine samples of C. t'inosum HiPIP subjected to different solvents, solutes, degree of oxida!ion and mode of freezing. These studies result in an interpretation different from that of the earlier investigators [ 14] .
Materials and Methods

Materials
¢kromatium t'inosum cells were obtained from the American Type Culture Collection (ATCC #17899) and grown photosynthetically, using sulfide and thiosulfate as electron donors [17] . High potential iron protein was purified and spectrally characterized by the procedures of Bartsch [18] . The purity ratio (A283/A3~ 8) of our samples was typically 2.50 and they showed the presence of only minor contaminants (--2%) that stained by Coomassie blue upon gel electrophoresis. All chemicals used in this work were of the highest quality commercially available and were used without further manipulation. For some experiments, C. vinosum was grown in the presence of ~SNH4C1 to replace all ~4N atoms of the cell with ~SN; and with enriched 57Fe to obtain HiPIP suitable for Mossbauer studies.
Methods
EPR spectroscopy at 9 GHz was carried out on a Varian E-112 spectrometer. Microwave frequency was determined using a Hewlett-Packard 5340A frequency counter. Field calibration was accomplished with a Systron-Donner Model 3193 digital NMR gaussmeter. EPR spectroscopy at 35 GHz was carried out on a Varian V-45(~ spectrometer equipped with a V-4561 35GHz microwave bridge. Field modulation was at 100 kHz on both spectrometers. Sample temperature was maintained using a homemade, gas pha,.,e liquid helium transfer line and quartz dewar inset. Sample temperature measurements were made using a 0.1 W Allen Bradley carbon composition resi~to~ ~ calibrated at liquid helium, liquid nitrogen and ice-water and placed directly below the sample tube.
To determine the fraction of oxidized protein, HiPIP samples were mixed with known amounts of K3Fe-(CN)6, frozen in liquid nitrogen, and the EPR spectra recorded at 16 + 1 K under non-saturating microwave powers; Cu2+EDTA was used as a secondary spin quantitation standard. Spin concentrations were determined by the cut-and-weigh method [19] . The data yielded a value of [b = 1/2]/[4Fe-4S] = 1.00 + 0.05.
Rapid freeze-quench experiments were done using the method of Bray[20] as modified by Ballou [21] on an apparatus designed and built by Professor David Baliou of The University of Michigan.
Mossbauer spectra were obtained v, lth a home-built spectrometer and associated hardware as described elsewhere [22, 23] . Spectra presented have been corrected for source lineshape and converted from transmission to absorption spectra. Previous examples of this approach to Mossbauer spectroscopy of biological macromolecules, including theoretical simulation of experimental spectra, are given in Refs. 24 and 25. Simulation of experimental, frozen solution, S = 1/2 EPR spectra were based on the previously developed statistical theory of g-strain [26] . The g-strain simulator was operated in f~:ll positive correlation mode, and the simulations reported here are comparable to those reported previously. See Ref. 27 for a review of g-strain in biological systems. Simulation of spectra resulting from spin-spin interactions was achieved using the method described by Schepler et ai. [28] with an extension of the computer code to permit for g-strain in full positive correlation mode (Dunham et al., unpublished data) .
Molecular modeling studies were undertaken with the polymer module available in the SYBYL [29] software package. The orvstal structure [8, 9] of the Chro~latium HiPIP (entry I HIP) was retrieved from the Brookhaven National Laboratory Protein Data Bank. A geometric plane including, the iron atoms Fe2 to Fe4 was used to construct a 14 A long normal through the sulfur atom S'4, thus defining the cubane 3-fold rotation axis of interest in this study. This molecular structure was then duplicated to assemble the initial dimerie model. Molecular modeling techniques utilizing the imeractive graph~,: manipulation capabilities available with SYBYt [29] were used to align the two monomers along t,, ,1~:! axis extending through S'4. Both Van dcr Waals and overall hydropathv/electrostatic com-|~ arity checks were applied to select the respec-tive monomer orientation within the dimeric association.
Results and Discussion
The EPR spectrum of oxidized C. cinosum HiPIP, recorded in a pH 8 ~olution of 20 mM Tris-HCl is shown in Fig. 1A . It is characterized by a prominent low-field ramp; a broad, asymmetric g~ feature; a distinct 'bump' near g = 2.08; and a broad but clearly asymmetric gx.y region. This was the spectrum analyzed by Antanaitis and Moss [14] .
In the course of purifying samples of C. t'inosum HiPIP for detailed physical studies, it was noted that the EPR spectrum was distinctly modified by NaC! concentrations in the ---0.2-2 M range. This characteristic 'high salt" spectrum is shown in Fig. 1E . Spectra A through E show the effect of increasing NaC! from 0 to 0.25 M in a Tris-CI buffer at pH 8. Under this perturbation, the low-field ramp is eliminated, novel structure appears in the g~ region, and rhombicity is resolved in the gx.r region. This transformation was observed with many independent preparations of proteins and was reported in preliminary form in 1976 at The effect of NaC! seems to be specific. We examined the following matrix of cations (Li% Na ÷, K + and NH 4) and anions (CI-, NO~, CIO~-and SO.~-), excepting KCIO~, and found that salts in general had only minor effects on the typical 'low salt" EPR spectrum; only the Na ~-plus CI-combination of ions had an interesting influence on the EPR spectrum. The potential effect of pH on the 'high salt" spectrum was not examined. However, Antanaitis and Moss [14] demonstrated that the apparent heterogeneity in the EPR spectrum of the "low salt" spectrum was independent of pH in the 2 to 1 ! range.
The effect of NaCI is further characterized by an oxidative titration, l-i&. 2 shows the X-band EPR spectrum of HiPIP in 0.2 M NaCI at increasing fractions of oxidation (25 to 1009~ ). It is noteworthy that thc spectrum recorded at 255k oxidation lacks the low-field ramp and the structure in the g~ region, but does show the same resolution as the fully oxidized sample in the gx.~ region. As the fraction of oxidized molecules increases, one observes the apparent incremental appearance of the unusual structure around g~. A similar experiment at low salt conditions revealed no qualitative differences in the X-band EPR spectrum at different levels of oxidation; all spectra were similar to the spectrum of Fig. 1A (data not shown) .
To test the possibility of magnetic hyperfine interactions as the cause of the structure in the 'high salt" EPR spectrum, we carried out a number of isotope substitutions. Solvent was exchanged from ~H20 to 2H 20; Na35CI and Na37CI were compared; and a complete exchange of ~SN for J4N was effected by growing the bacteria on an LSN-enriched nitrogen source. These substitutions caused no differences in the EPR spectrum, Finallv, we recorded the spectrum at 35 GHz and obtained no evidence for nuclear hyperfine interaction as the origin of the structure around g, in the 'high salt' EPR spectrum (see below).
The 'high salt' EPR spectrum was converted to the typical 'low salt' spectrum by addition of excess of salts, diluents or miscible organic solvents. By increasing the concentration of NaC! above 2 M, the characteristic structure in the EPR was lost. Similarly, the presence of a high concentration of serum albumin (60 mg/ml) precluded development of the unique sign~a!. Including solvents such as ethylene glycol, glycerol or ethanol (at ~ 50% v/v) led to appearance of the "low salt' spectrum (data not shown). Ethanol at 50%, however, induced a better resolved'low salt' spectrum, which is shown in Fig. 5D and discussed further below.
Knowing that diluents which change the global properties of the solvent, such as ethylene glycol, obviated the 'high salt' effect led us to suspect some type of protein-protein association. This idea was tested in a rapid freeze-quench study. In this experiment, a concentrated solution of fully oxidized HiPIP in 5 mM Tris-HC! was mixed with an equal volume of similarly buffered 1 M NaCI, frozen in cold isopentane in less than 10 ms and packed into an EPR tube. The X-band EPR spectrum is shown in Fig. 3A . The sample was subsequently thawed, refrozen and the spectrum of Fig. 3B recorded. Spectra obtained at freezing times of ~ 15 and ~ 50 ms were also examined. Visual inspection of the resulting EPR spectra suggested a time-dependent appearance of the 'high salt' component, but this was incomplete even at 50 ms (data not shown). At the fastest time of freezing, however, the spectrum appears to be primarily that of the 'low salt' form (Fig.  3A) . These observations suggest that solutions of oxidized C. rinosum HiPIP are modified by freezing and this process has a characteristic time of tens of milliseconds. The idea that some type of protein-protein interaction is occurring will be discussed below.
We make the following conclusions regarding heterogeneity in the EPR spectrum of oxidized C. ~'inosum HiPIP: first there is an inherent heterogeneity, typified by the spectra obtained in 'low salt','50% ethanol' and 'high salt, rapidly frozen' conditions. Second, the inherent heterogeneity is specifically altered by slow freezing in the presence of 'high salt'. This change is characterized by the EPR spectrum of the 25% oxidized sample shown in Fig. 2A . Third, 'high salt' induces additional heterogeneity in fully oxidized samples, typified by the 'slowly frozen, high salt' spec- trum of Fig. 1E . There are therefore at least three distinct types of EPR spectra, and these are analyzed in subsequent paragraphs,
Mossl~auer studies
It is important to ascertain the extent to which the NaCI-induced changes reflected in the EPR spectra arise from differences at the individual iron atoms. High resolution 57Fe )~ossbauer spectroscopy is well suited to address this concern. In Fig. 4A we compare the Mossbauer spectra of fully oxidized, slowly frozen C. L'inosum HiPIP in the'low salt' and in the'high salt' (0.2 M NaC1) condition. The spectra are similar to those previously published by others [15, 16, 31] and are indistinguishable between the two conditions. A similar experiment is presented in Fig. 4B , in which two HiPIP samples, now both in the presence of 0.2 M NaCi, are compared, one being only 25% oxidized while the other one is fully oxidized. The spectrum of the fully oxidized sample is reduced a factor of three with respect to the absorption axis for ease of comparing the two line shapes in detail. With the restrictions in mind that the spectrum of partially oxidized HiPIP has a 3 × higher noise level and is overshadowed in the central part by the spectrum from S = 0, reduced protein, these two preparations also give identical Mossbauer spectra. Therefore, the 'high salt' condition is . NaCI has no effect on the Mossbauer spectral properties of C. t'inosum HiPIP. The Mos~bauer spectra taken at 4.2K and I).1 T applied magnetic field for samples of various salt and oxidation state are superimposed for comparison, in Part A the "low salt' form t.solid line) is superimposed on the "high salt" form (crosses). No rescaling of the data has .been performed, in Part B, the spectrum of the "high salt, 25% oxidized" form is superimposed by a spectrum of the "high salt, 100% oxidized' sample (solid line). Points are omitted from the "partially oxidized" spectrum when the quadrupole doublet of the reduced C. l'itlosum HiPIP molecules went off-~ale. The size of the "!00% oxidized' spectrum has been reduced a factor of three to facilitate comparison.
not induced by changes at an individual iro,~ atom. The question of minority ~ontributions to the Mossbauer spectrum is discussed below.
Analysis of the EPR spectra Inherent heterogeneity. The spectra in 
EPR parameter¢ of tu~o S = 1 / 2 ground states from C. l'~nosum HiPIP in different frozen rnatric'e~
The dimers are comprised of two identical, colincar S = !/2 slain systems, r (the in*ercluster vector) is along the :-axes of I~th g-ten.~)rs. The ~r, are linewidths (one-half the distance bel~,cen the derivative exlrema) in g-value units.
Low NaCI High NaC! 50qEtOH MinoriD" 0. There are two major reasons for the lack of fit in these simulations. The first is seen by comparing the data in Eig. 5B-D. There is obviously a minor cnmponent in these spectra, which varies in amount depending on the solvent and salt parameters. In Fig. 5D , from the 'glassy' sample, the minor component is large enough that all three g-values are visible, and its simulated shape is shown is Fig. 5E using the parameters ,,, ;" T~,bl¢ I .... ,,,,~,~ ............. ~ .... u,,, of thc minor component is not clear in Fig. 5B and C, the midsweep turning points are clear in all three spectra. By trial and error fitting of this part of the minority spectrum, we were able to quantitate the minority component as 2.0, 2.3 and 7.4%, respectively, of Fig.  5B , C and D. These numbers are obviously in disagreement with the 50% values in the previous analysis [!4] . A second spectral fitting problem cancerns the type of 'g-strain' in these spectra. We have found that EPR spectra from several other HiPIP's can be fit "through the dots" by our simulation programs (our unpublished observations). That C. rinosum HiPIP cannot be fit in this way seems to derive from .some special properties of this protein's freezing dynamics as will be considered in the following discussion.
The question of whether the minority component seen in the EPR spectra can be detected by Mossbauer spectroscopy is addressed by the data of Fig. 6 . At high temperature, where the magnetic hyperfine splittings are averaged to zero, each iron atom of the cubane will contribute only two lines to the Mossbauer spectrum as determined by its quadrupole splitting, its isomer sh;~t, and its linewidth. As a minimal hypothesis we have assumed that the eight contributing lines have equal intensity and width. Simulated (dots) and experimental (crosses) spectra of 'high salt' (A) and "low salt' (B) samples are shown in Fig. 6 . There are two important points: first, there is essentially no difference between the two experimental spectra; second, very small deviations between experimental and simulations seen near 0.9, 0.4, 0.2 and -0.2 mm/s arise from only 0.5% of the total iron in the sample. If this residual intensity is assigned to one iron atom in 2% of the HiPIP molecules, then a good correspondence exists with the quantitation of the minority EPR signal (Fig. 5 and Table i ). However, because of the paucity of signal, we are unable to uniquely describe its Mossbauer spectrum.
Induced heterogeneity. X-and Q-band EPR spectra of fully oxidized, 'high salt/slow frozen' C. rinosurn HiPIP are shown in Fig. 7 ; the spectra are shown on a similar g-scale to facilitate comparison. The multiple lines in the low-field region of the X-band spectrum (Fig. 7A) are clearly not the result of multiple g-tensors since this region of the Q-band spectrum (Fig. 7B) does not show this structure. The multiple peaks in the Iow-fie~d region of Fig. 7A are thus likely to result from some kind of hyperfine interaction. The results of the isotopic exchange experiments and the Mossbauer data argue against this splitting being due to a nuclear hyperfine interaction. By elimination, therefore, we are left with an exchange interaction (direct or dipolar) as the most likely explanation for the fine structure. In the following paragraphs, we develop the hypothesis that, upon slow freezing, NaC! induces formation of a unique interaction between HiPIP molecules that leads to the fine structure. The spectra in Fig. 7 are overlaid by two simulations (dashed lines) whose parameters are available in Table  I under the columns for the 'high salt' dimers. Both simulations (at X-and Q-band) have the same spin Hamiltonian parameters. These parameter values imply that the S = 1/2 spin systems of two identical HiPIP molecules are in magnetic dipole-dipole interaction with the intercluster direction along the z-axis of each cluster. There are two configurations for this interaction (with slightly different gz values) corresponding to two intercluster distances of 13 and 16 ,~,: the dimer with 16 ,~ distance being twice as probable as the 13 ,~ situation. In brief, our justification of this picture is that we have tried all of the other possible models that are consistent with the physics of the problem, and none of these models is allowed by the data. Our argument requires an understanding of the range of possibilities of EPR spectra from two weakly interacting paramagnets as constrained by the experimental details. Each spin-spin interaction (dimer) is assumed to involve two isolated S = 1/2 spins (each denoted by g-tensor). A set of interaction parameters describes the direct exchange (a J-value) and the dipole-dipole interaction (a distance and direction for the intersystem vector and a set of Euler angles to give the orientatiop of one g-tensor relative to the other). Linewidth is treated by extending our g-strain theory to the interaction situation. Therefore, the mathematics for spectral simulation of these EPR spectra includes a large number of possible parameters. We can limit these possibilities by comparing the data to the theoretical implications of our assumptions.
We assume that the g-tensors of the interacting centers are identical (equivalent to assuming that both HiPIP molecules in the dimer are identical). Since direct (isotropic) exchange is not visible in EPR when 259 the g-values of the interacting centers are the same [32] , there must be a dimer orientation where the splitting from i~tropic exchange is zero regardless of the relative orientations of the t~,o g-tcns~rs. For most other directions (crystal orientations) the isotropic splitting is nearly the same (isotropic). Since this orientation has an applied field direction relative to the g-tensor that is clearly not the direction denoted by the low-field resonances (e,) and since the splittings of the Iow-fie!d region are not present ir the axial field region (g~.~j, then the low-field structure cannot result from an isotropic exchange interaction. Only the dipole-dipole interaction remains to account for the splittings.
The dipole-dipole interaction is twice as large wnen the intersystem vector is along the applied magnetic field than when the intersystem vector is perpendicular to the applied field. Referring to Fig. 7A , if the splitting in the low-field region denotes a direction that is perpendicular to the intersystem vector, theJa there must be a splitting in the high-field region that is twice as large as the splitting in the low-field region. Not only is this not the case, but a~y parameter set that has the low-field direction (in either spin system) more than ten degrees from the intersystem vector is incompatible with the data. We conclude that the intersystem vector in both spin systems is parallel to the direction of the g-tensor coordinate system corresponding to the low-field resonance (called the z-axis by us).
The arguments in the two preceding paragraphs require that the intersystem vector points in the same (within 10 degrees) direction relative to each of the cubanes. All of the interaction parameters for direction are therefore fixed except for the rotation of one protein relative to the other about the intersystem vector. Because the gx and g, values are nearly equal, we cannot specify this angle with any degree of certainty. However, we attempted to address this problem during the molecular modeling effort described below.
Another complexity presented by the spectra in Fig,  7 concerns the number of possible component spectra necessary to synthesize these experimental data. In studying Fig. 1 . one can assume that all of the HiPIP molecules are paramagnetic at the beginning of the titration and that the spectra are linear combinations from monomers and dimers in 'high salt'. For Fig. 2 , there should be several combinations of HiPIP reduction represented by both dimers and monomers, but at the end of the titration all the molecules should be oxidized dimers. Because the spectrum at the end of the salt titration (Fig. 1 E) is identical to that at the end of the redox titration (Fig. 2H) , we have assumed that Fig. 7A (that same spectrum) is characteristic of oxidized dimers only. The shape and resemblance of Fig.  1C , Fig. 2F and Fig. 3B in the low-field region argue that one of the dimers (component spectra) has this splitting in the low-field peak. This splitting corre-sponds Io an intcrsyslcm distance of 16 ,~ (see stick .,,pcctra in Fig. 7 ). Thc rcsl of the features in lhe low-field region of Fig. 7A can be added with another o dimer (at t/2 rclati,.c intcn'qLv)at 13 A inter,,ystem distance and a slightly diffcrcnl ,~, value (see 'lablc IL 1he hcighls (,f lhc .,,ticks in Fig. 7 indicale the relative inlcn+',ilics of these resonances, in each of lhe slick pattern.,, the high-field line o! the pair is the more intense in contrast to the experimental data. A sum nf two intcractioa spectra is iht: minimum number of components sulficicn! to generate the 'ramp.' The "high sall monomer' (Fig. 2A) is not a significant contributor to thc ramp bccausc its low-field maximum is halfway bc~,een thc tv,'o low-field maxima in Fig. 7A . in other word,< the 't6 ,~, dimcr" and the 'high salt monomer" have the same g,-values. On the other hand. the "13 ,~ dimcr" has a slightly modified g,. Apparently the 'comprc.,,sion ~ff the dimcr is accompanied by a change in g,. This change is explained in the folh+wing argumcnl~.
The fit.,, shown in Fig. 7 are from identical palametcr,~ a! both X-and O-band. The success of these fits {without 1he minority component) at both frequencies argue~ for their uniqueness. Howc;er, the conclusions arc testable against the structural conslrainls from the published X-ray coordinates [8.9] . Inspection ,ff the P2~212 j orthorhombie crystal packing reveals that the closest center-to-center distance of any two [4Fe-4S] clusters is over 22/~. Neither dipole-dilx~le nor direct exchange interactions arc expected to be significant at 
